Four junior faculty members from the Mechanical and Civil Engineering Departments at the University of New Mexico (UNM) have developed new experiments and pedagogical methods that introduce undergraduate students to the field of nanotechnology. Toward this effort, we introduced "Nanotechnology Discovery Courses" that comprise two interlocking undergraduate engineering materials science core courses enriched with three nanotechnology modules and four hands-on nanotechnology experiments. Using this framework ensured continuous flow of nanotechnology concepts to a senior level technical elective course that equips students with hands-on experience in constructing nano/micro systems and devices. Between the two leading departments of the project 153 undergraduate students were exposed to the nanotechnology discovery courses by their junior year during the academic years 2008-2009. The developed nanomodules, while familiarizing UNM students with nanotechnology, did not strain the outline of classical material science courses nor did it financially burden the students (for example, there were no extra lab fees). Affirmative survey indicated that more than 67% of the students strongly favored the newly implemented nanomodules. Furthermore, 65% of the surveyed students preferred including nanotechnology in the core courses rather than a standalone course. Students favored the hands on experiments that required minimal calibration (Scanning electron microscopy) compared to experiments that required intensive calibration and post analysis of data (for example, nanoindentation). Based on the success of this pilot research, several undergraduate students participated in nanotechnology research at UNM. The major finding of this investigation is that nanotechnology education can be introduced to the engineering curricula by incorporating nanotechnology modules in core courses, mentoring undergraduate students in nanotechnology research, and introducing a standalone senior-level nanosytems course.
INTRODUCTION
The idea of introducing nanotechnology to the engineering curriculum is as old as the nanotechnology field itself. One of the first standalone nanotechnology undergraduate degrees in the world was established at Flinders University (Australia) in 2000. The pioneers at Flinders raised a valuable concern: "The field (nanotechnology) is currently in its infancy and is incredibly broad, spanning chemistry, physics, biology, mathematics, and engineering . This is in * Author to whom correspondence should be addressed.
fact probably an incomplete list but it makes the point. How do you possibly teach all these areas to students in a four year honors degree?." Alternatively, other investigators have proposed utilizing lower division courses as a departure course to familiarize undergraduate students with the concepts of nanotechnology.
There has been several nanotechnology courses developed at other universities as well. Loyola Marymount University developed a new course (Introduction to Nanotechnology) toward biological applications. Faculty in Northwestern University's Materials Science & Engineering Department introduced a new nanotechnology course to senior undergraduate and junior graduate students and reported the experience as a successful practice. Instructors at the University of Nevada introduced five blocks to teach the core principals of nanotechnology to audiences with varying levels of understanding. All these successful pioneering experiences developed new undergraduate courses, but most offered these new courses only as optional or technical electives. Additionally, most of these courses were developed by a single department, although offered to several other departments.
The authors of this article believe that in order for a nanotechnology program to flourish it must take root in a curriculum's core courses and be taught by a multidisciplinary group of instructors. A current successful example of a multidisciplinary effort is at Union College in Schenectady, New York. A National Science Foundation (NSF) grant was awarded to this predominately liberal arts campus of 2,000 students (15 percent of whom are engineering students). With prerequisites of calculus, physics, and chemistry, the investigators have developed Frontier of Nanotechnology and Nanomaterials that was offered to sophomore science and engineering majors.
All efforts to teach nanotechnology to undergraduates can be broken into two main types of approaches: strictly virtual (i.e., simulated) and hands-on. Proponents of the strictly virtual (hands-off) approach, argued that " nanotechnology experiments are delicate, limited in availability, and expensive to set up and maintain. The use of a web-based approach circumvents these drawbacks and enables the experiment to be run securely, safely, and on a 24/7 basis." Meanwhile, other investigators highlighted the importance of bringing hands-on experience to integrate nanotechnology into the undergraduate curriculum. For example, a group at the University of Nevada-Reno has carried out an experiment to move nanotechnology/microtechnology to the undergraduate and graduate classroom in related fields of scanning-probe microscope (SPM) technology. Another example is Polla et al., who brought hands-on microelectromechanical systems (MEMS) fabrication into the undergraduate curriculum. Our own experiences, a published student's opinion, and other engineering and science educators' experiences are all in favor of introducing hands-on experimental modules.
Despite the difference in the methods and tools, most of the cited literature and the current group of authors share the NSF view that " Adding nanoscale perspectives in teaching leads to better fundamental understanding, sharing similar concepts and courses in various disciplines and areas of relevance (combining the 'depth' of nanoscience with the 'breath' of all affected areas), and broader accessibility to science and technology." Keeping this view in focus, the subsequent sections detail a plan that was carried out to integrate nanotechnology into existing core courses in the Mechanical and Civil Engineering curricula at the University of New Mexico (UNM). This was accomplished by adding new lecture components to two materials science core courses to introduce the students to particular aspects of nanotechnology. Reinforcement on these topics was planned by hands-on experiments that utilize the UNM's existing nanotechnology infrastructure. These discovery courses are prerequisites for an additional newly developed course on the theory, fabrication, and characterization of nanosystems/devices. This course also has a laboratory component where students fabricate nanosystems/devices in the clean room. The rest of this article outlines the newly developed nanomodules and provides some preliminary results together with proposed future work to improve the ongoing nanotechnology education at the UNM.
GOALS, OBJECTIVES, AND INTENDED EDUCATIONAL OUTCOMES
As future scientists and engineers, students should be prepared to enter a workforce that requires knowledge of nanotechnology. Four junior faculty members from two engineering programs at the University of New Mexico, a Albuquerque, NM, have employed their collective knowledge in nanotechnology to develop new experiments and pedagogical methods to help introduce undergraduate students to this field of cutting-edge research by no later than their junior year. Our goal was to cultivate a cultural change in engineering undergraduate education at the UNM by tying the material science curriculum across the school of engineering (SOE) through a group of integrated learning modules focused on nanoscience and nanotechnology. We envisioned creating a series of interlocking courses for undergraduate nanoscience education. This development leveraged two programs at the UNM: Mechanical Engineering and Civil Engineering. This investigation developed and tuned Nanotechnology Discovery Courses that comprised two interlocking undergraduate Engineering Materials Science core courses (ME370/CE305) enriched with three nanotechnology modules (Introduction to Nanotechnology, Nanostructures and Nanosynthesis and Nanocharacterization) and two materials science laboratories (ME352/CE305) that employ four hands-on nanotechnology experiments (e.g., use of electron microscopy, X-ray diffraction (XRD), and nanoindentation).
This approach carries the following novel aspects: • While familiarizing student with nanotechnology, it does not strain the general outline of classical materials science course for being introduced as a set of separate modules. • Utilizing core course for the introduction of nanotechnology into the curriculum will not financially burden the students; for example, no extra lab fees will be necessary.
• The proposed integration of nanotechnology into materials science core courses and interdepartmental technical electives will readily provide students with different backgrounds from crosscutting programs (mechanical and civil engineering) with nanotechnology experience that is naturally interdisciplinary.
• As an alternative to web-based computer interactive modules, we use state-of-the-art facilities at the disposal of engineering students at UNM to introduce experimental modules that are robust, easy to grasp, and depict practical applications.
ENGINEERING MATERIAL SCIENCE UNDERGRADUATE CORE COURSES
Starting in the spring semester 2008, two existing UNM materials science courses were revised by including mutual nanotechnology components/modules both theoretically and experimentally. The Mechanical Engineering Department at the UNM typically offers its upper-division undergraduate materials science (ME370 Engineering Materials Science, 3 credit hours) and its lab course (ME352 Experiments in Materials Science, 1 credit hour) in the format of one-semester themed modules. The former outline of the course covers the structure of matter and its relation to mechanical properties: the mechanical behavior of structural materials-metals, ceramics, and polymers. Its prerequisite is general chemistry. This course is typically taken by students during their junior year and is required of all senior-level mechanical engineering students. It is also a prerequisite for the upper-division design course ME460. The course and the laboratory are offered twice a year (during both the spring and fall semesters). The course is taught using two 90-minute lectures every week. Lectures are typically delivered using Microsoft PowerPoint presentations; sample problems are solved on a weekly basis. The textbook in use for this class is the book by Callister. The Materials Laboratory (ME352L) course covers the effects of microstructure, processing, composition, and thermal treatment on the physical and mechanical properties of engineering materials. The laboratory is taught on a weekly basis, consisting of three-hour sessions. The students are divided into teams of 3-4 students. The lab manual was written by the authors and posted to the students via the laboratory web page. The laboratory consisted of classical modules dealing with topics such as grains-microstructure (polishing and light microscopy), Brinell and Vickers hardness tests, the Charpy impact test, and the tension test. The class lectures, problem solutions, and handouts were maintained at a dedicated web page developed by the authors. The Department of Civil Engineering at the UNM currently offers an undergraduate civil engineering materials class and laboratory (CE305). This 4-hour credit course includes two 90-minute lectures and one 3-hour weekly experiment. This core course is required for all civil engineering students and is a prerequisite for all 400-level civil engineering courses. CE305 provides the basis for material science to civil engineering students as well as the fundamental background on civil engineering materials, such as the fundamentals of bonding of materials, phase diagrams, and the behavior of materials under stress including fracture and fatigue. The course also covers basic construction materials such as steel, Portland cement, aggregate, concrete, masonry, wood, and asphalt. Lectures also introduce the microstructure of major civil engineering materials such as concrete and cover how this microstructure affects the macroscale behavior. Lecture notes and solutions to sample problems are available to students via the course website as the course integrates a number of textbooks that cross the area between material science, civil engineering materials behavior, and testing. CE305 is the first place where CE students realize the multi-scale link between a material's atomic structure, microstructure, and its macroscale behavior. On its classical form-prior to the nanomodulus implementation-most laboratory experiments focus on macroscale phenomena. The CE305 laboratory introduces to students the stress-strain curves for materials, determining the properties of concrete using destructive and non-destructive testing methods and the behavior of wood and aluminum.
These two courses/laboratories are required for all senior students majoring in Mechanical and Civil engineering and are offered twice a year. On average, 25-30 students take the ME370/352L course every semester. CE305 is offered once annually and typically has a class size of 35-40 students.
NEW EDUCATIONAL NANOTECHNOLOGY MODULES
We have integrated three nanotechnology modules into the two materials science courses. The lecture portions of this class, ME370/CE305, were redesigned to include three nanotechnology modules. While a sole instructor taught the classical parts of the courses, the newly developed modules were co-taught concurrently by all the four authors. The developed modules are:
4. for applications in nanotechnology (nanoparticles, nanotubes, and thin films). It further explains the superior properties of nanomaterials as a result of the reduction of dimensions (an almost defect-free structure). The module also explains the size-dependent properties (mechanical, optical, and electrical-ferroelectric and ferromagnetic). The module concludes by describing the current and future novel prospects of nanomaterials: mechanical and structural-carbon nanotubes electronics (semiconductors) and energy (photovoltaic, ceramic nanoparticles), among others.
Module 2: Nanostructure and Nanosynthesis
In this module the structure of the materials is explained using a "bottom-up" approach. While this is usually the case for the classical treatment of the microstructure of metals (atom-crystal-grain), cement composites (crystals-transition zones-composite), ceramics (moleculecrystal), and polymer (atom-mer-molecule-chain), the module explicitly introduces nanomaterials with useful structure/properties at the nanoscale, such as increased tensile strength, enhanced fracture toughness, and fatigue life. The concept of nanoscale is bound to the currently taught concepts of bond energy and principles of fracture and the long-sought defect-free materials. The "top-down" approach is also introduced although not explored in detail. This module is divided into two parts: Part I: Carbon Nanostructures and Part II: Ceramics and Nanoparticles. Part I discusses the nature of the carbon bond and interatomic potentials. This part also introduces briefly some carbon allotropes (different molecular configuration; atoms are bonded together in a different manner) that pure carbon can take, including diamond, graphite, lonsdaleite, C 60 , C 540 , C 70 , amorphous carbon, and carbon nanotubes (CNTs) as shown in Figure 1 . The module elaborates on CNTs (chirality, single wall, and multiwall CNTs). The module also discuss different CNT fabrication methods and current applications: mechanical reinforcement, field emission, fuel cells, and chemical sensors.
Part II focuses on ceramics and nanoparticles where the students get introduced to the generation process of novel ceramic nanoparticles and some of their applications as catalysts, coatings, sensors, and fuel cells. Systems such as SiO 2 , TiO 2 , Ce/Zr oxides, Al 2 O 3 , metal-ceramic composites, and complex oxides are reviewed. The newly introduced nanosilica and nanoalumina particles and their influence on the strength and microstructure of cementitious composites are also discussed.
Module 3: Nanomaterial's Properties and Characterization
This module introduces undergraduate students to commonly used equipment and techniques for characterization of materials at the nanoscale. The theoretical background for some electron microscopy techniques (scanning electron microscopy (SEM) and transmission electron microscopy (TEM)) is demonstrated and their uses explained from the aspects of studies on size, morphology, internal structure, and chemical composition. The most commonly used method for mechanical characterization of materials at the nanoscale-nanoindentation-is also described in one full lecture. Finally, a lecture on the electrical properties of nanomaterials is given in the prospect of materials of microelectromechanical systems (MEMS) and devices, emphasizing the length scale effect on electrical properties, with special attention given to CNTs. Module 3 is also divided into three parts: Part I is focused on electron microscopy, Part II is dedicated to material characterization, and Part III examines electronic properties. The students in a typical materials science class are fascinated and intrigued when they see (in the textbook or course notes) images produced by TEM and SEM, such as famous images showing fault stacking or vacancies, interstitial voids, and calcium hydroxide (CH) crystals stacked at the transition zone. However, the students usually are not taught how a TEM and SEM can produce such images at a very small scale. The purpose of Part I in this module is to provide the student enough background about the principles of how TEM and SEM function. In this module we provide a description of electrical lenses, electron beam generation, vacuum chamber, and so on. The TEM and SEM are both located in user facilities at the UNM's main campus, steps away from both the Mechanical and Civil Engineering Departments. Furthermore, in Part II the students are directed to examine methods of mechanical characterization using nanotechnology. Since its inception in 1992, nanoindentation has quickly become the workhorse for determining nanomechanical properties. This method is commonly used to find a material's elastic modulus and hardness values. The theory of nanoindentation for metals, polymers, and ceramic is introduced with an emphasis on its advantage over its macroscopic counterpart. For example, nanoindentation can be utilized to test materials that are not necessarily precast or machined in a specific shape (for example, mechanical testing of a human tooth (Al-Haik et al., 2008) ) such as the famous dog bone-shaped tensile test sample. Also nanoindentation can be used to test very thin materials or materials that are too brittle (for example, testing the micro beams on a MEMS chip (Trinke et al., 2009) ). The methods of obtaining the Young's modulus and hardness values, and reproducibility of data also are discussed. The challenges in linking these observations to macroscale properties are explained.
In Part III, students examine electronic properties. One lecture is planned to introduce fundamental concepts about the electrical properties of materials. Using these basic concepts, the electrical properties of CNTs and their use in field effect transistors are discussed.
A schematic representation of how the three modules and their parts are integrated in both ME370 and CE305 is shown in Figure 2 . The rationale in selecting the modules to be incorporated in each course is to accommodate specific discipline needs while emphasizing the multidisciplinary nature of the integrated materials. Students of both classes will be sharing these modules in both lectures and the laboratory experience.
Beside the in-class and hands-on nanomaterials modules, students also were asked to prepare a term paper discussing a specific application of nanotechnology and/or nanomaterials and their role in society. The term papers Fig. 2 . Nanoscience educational modules being used to integrate materials science classes across the School of Engineering at UNM.
were submitted individually and covered topics such as ethics in nanotechnology, nanomaterials for energy, and biomedical applications of nanomaterials. Each student had to read at least five refereed scholarly articles in topics related to his or her term paper to be aware of the state of the art.
INTEGRATING NANOTECHNOLOGY MODULES TO THE MATERIALS SCIENCE LABORATORIES
The laboratory component ME352 and the lab for CE305 were modified to include four experimental nanotechnology modules that were co-taught by the four authors. While all four experimental nanotechnology modules were adopted in mechanical engineering ME352L, only three experimental nanomodules were adopted in the lab of civil engineering CE305. The choice of the modules adopted in the CE305 lab was governed by the parts adopted on the nanotechnology lecture modules in CE305 and the specific needs for the CE305 laboratory to cover other specific experiments related to civil engineering materials.
The plan for the experiments adopted in both laboratories is shown in Table I . All laboratory work in both ME352L and CE305 was arranged using laboratory teams with ethnic and gender diversity taken into account. We present here two sample nanoexperiment modules for clarifying the nature of the revised lab modules.
Lab Module 1: Nanoindentation Experiment
Examining material properties using hardness tests has been used as non-destructive tests for metals for the last 100 years. Indentation depends on pushing a hard indenter into the surface of the material and recording the load and indentation depth. In traditional experiments students in ME370/CE305 learned about determining material hardness, which is a measure of a material's resistance to surface penetration by two hardness tests: macro hardness (using Rockwell and/or Brinell) and micro hardness (using Vickers microindentation with a diamond pyramid). In the newly developed experiments, the interest lies in determining nanoscale hardness. Researchers showed that material nanoscale hardness could be related to material stiffness (elastic modulus) and energy absorption (toughness and resilience) (Oliver & Pharr, 1992) . The recent advances in hardware control and load/displacement measurements at the nanoscale transformed nanoindentation into a technology that is both robust and reliable for materials mechanical characterization. Nanoindentation experiments comprise loading the specimen to a specific load (usually in the range of micro to milli Newton (mN)), keeping the load constant for a few seconds to realize materials creep (strain growth with time) and unloading the specimen leaving an indentation impression. A picture and schematic representation of the nanoindenter (NanoTest ® ) that was used for nanoindentation tests are shown in Figure 3 . The NanoTest system is capable of measuring hardness, modulus, toughness, adhesion, and many other properties of thin films and other surfaces. The NanoTest is a fully modular system that allows users to configure the system to meet their individual needs. Alternative nanoindentation machines are available with different working mechanisms, but all nanoindenters provide a time-dependent, load-indentation depth response of the material and can also provide a three-dimensional image of the indentation impression using an atomic force microscope (AFM) or a high resolution digital camera typically available with the indenter.
In this experiment, students indented four samples using the nanoindentation: 4340 steel that was heat treated and left to cool at different cooling rates by changing the medium (furnace, air, oil and water). Sample nanoindentation curves of the heat-treated steel samples are shown in Figure 4 . Students indent 5 samples at a 50-mN load and will find the nanoscale properties of the different samples using the load versus nanoindentation depth curves. While the theory of nanoindentation was covered previously in the lecture modules added to the materials science courses, students learned how the Young's modulus and hardness values can be obtained using the Oliver-Pharr method through a built-in Java template with the NanoTest system. Finally, students also learned how tone can use an instrumented AFM attached to the NanoTest system to locate the trace of indentation they performed on the sample's surface. Civil engineering students (CE305) used nanoindentation to test concrete as an inhomogeneous material with different phases.
Lab Module 2: Scanning Electron Microscopy (SEM)
In this module, students in each discipline are directed to use the SEM to investigate one material of interest. While the mechanical engineering students were mentored to use the SEM to identify carbon nanostructures, students in civil engineering utilized the SEM to identify the nano-and microstructure of cementitious composites. The SEM sessions for mechanical engineering students are devoted to the study of carbon-based nanomaterials: nanotubes, nanofibers, and metal-carbon composites. Nanosized carbon tubes, fibers, and particulates are analyzed at various degrees: their shape, size, and composition are the focus of the practices. Alignment operations of the microscope and sample preparation techniques were demonstrated. Students have the opportunity to introduce samples into a microscope chamber and perform basic functions to acquire images under supervision. On the other hand, civil engineering students study cement and its hydration under the SEM. Students examine the factors affecting the reactivity of cements. For example, high tricalcium silicate (Ca 3 SiO 5 ; also known as alite or C 3 S) content yields a high early strength gain, while high gypsum content yields even higher early strengths; The microstructure of aggregates also plays a role in dictating the mechanical properties of concrete. For example, finer aggregates lead to more exposed surfaces to water contact, which in return facilitates a higher rate reaction of cement leading to higher early strengths. This module introduces different cements pastes to civil engineering students with the intention of studying the phase present in the samples by SEM. Figure 5(a) shows an SEM micrograph of the calcium silicate hydrate (C-S-H), which is a colloidal gel that is a very complex, poorly crystalline material. Figure 5(b) shows an SEM micrograph of (monosulphoaluminate) Ettringite, which forms in the early stages and later converts to a plate-like microstructure when gypsum is used and water is available. Finally, Figure 5 (c) shows calcium hydroxide (CH) crystals, which take the form of a plate-like material and are responsible for the low strength and non-durable performance of concrete and mortar.
Regardless of whether the experiment was classical or a new nanoexperiment, for ME352 there were 3 lab sections every week, each lab had 4 groups of students (3-4 students) performing the same experiment. For civil engineering students there were 2 lab sections every week and the students were divided into 4 groups for every experiment.
Because we wanted the new nanoexperiments to be hands-on we carried out specific arrangements to ensure the students interactions with several instruments while maintaining the instruments in operational mode. In the SEM module, usually the instructor or a graduate student places the samples inside the microscope chamber and gets the machine to the running mode prior to the experiment. The students usually were divided into groups of 4 each, and each group got the instrument for a halfhour to capture an image. Given that the students had not used the instruments before and the instruments are dual usage, the students' supervision was strict. For example students were not allowed to change the hardware setup or vent the chamber. We just focused on getting the students to be able to control the spot size; focus on a single feature; and control the contrast brightness fine-focus and stigmata; then capture an image. The TEM experiments were solely run by the instructors considering the level of sophistication needed to run the instruments. However, students who participated in the investigator's research group were able to learn the full operation of the TEM and some of them were successful in obtaining highquality images for publications, presentations and posters.
For the nanoindentation experiments, the instructor/graduate students usually install the sample and calibrate the instrument (this might take 2 hours, so usually the machine was kept running 6 hours prior to the experiment). As the machine is fully computer-controlled, students did not need to open the NanoTest enclosing cabinet. And since the cabinet is made of plexiglass it was easy for the students to observe the experiment: stage movement, engaging and disengaging of the indenter tip and the sample. For the nanoindentation students were allowed to use the sample stage controller/motor to bring the sample within 25 micron from the indenter tip. A pre-written indentation test template was carried out-usually for less than 5 minutes-and the students used the NanoTest analysis software to get the final results of interest: elastic modulus and hardness. Simplified instructions to perform these tasks were handed to students prior to the lab. After the students performed one nanoindentation cycle and analyzed it they were handed data from 25 nanoindentation tests that were carried out by the instructor/teaching assistant so they could perform statistical analysis.
NEW COURSE DEVELOPMENT
We introduced a new course, ME461-E, on the theory, fabrication, and characterization of nano/microelectromechanical systems (NEMS/MEMS This course is a laboratory course on the physical theory, design, analysis, fabrication, and characterization of nanoelectromechanical systems (NEMS) and microelectromechanical systems (MEMS). The main objective of this course is the fabrication of important types of nano/microstructures used in NEMS/MEMS devices and systems by multi-disciplinary and multi-ethnicity teams. Therefore, the emphasis was on techniques used in the synthesis and fabrication of NEMS/MEMS. Basic techniques were discussed separately and then sequenced in order to build up these commonly used processes. Examples of the fabrication techniques discussed are photolithography, nanolithography, deposition and growth of thin films and CNTs, dry and wet chemical etching, and alignment and bonding techniques. With the funding from another NSF grant, we were able to add classroom modules on using focused ion beam (FIB) technology for nanolithography and nanopatterning of substrates as well as new modules on CNTs. A chemical vapor deposition furnace for growth of CNTs was designed, built, and operated by undergraduate students using support from the current grant. Figure 6 shows some of the CNTs that were grown. We envision that this experiment module will be a permanent part of future laboratories, barring any unforeseen circumstances such as happened in the first semester we attempted this module. In addition to the CNT modules, students also performed experiments where they make nano-thickness membranes used as pressure sensors and MEMS actuators. A picture of an MEMS actuator that was made in ME461-E is shown in Figure 7 (a), and a photograph of students working on the fabrication experiment in the UNM clean room is shown in Figure 7 (b). For ME461-E there was one lab session every week with roughly 4 groups of students.
RESULTS FROM IMPLEMENTATION OVER TWO YEARS
The developed nanomodules were delivered at the UNM in 2008 and 2009. The new modules contributed heavily toward tailoring the mechanical and civil engineering curricula toward nanomaterials through a series of seven class lectures and four hands-on experimental modules together with training through undergraduate research.
To accommodate the new modulus in the ME370/CE305 we modified the class curriculum by removing topics such as diffusion, which is covered later in the senior year along with courses such as heat transfer and thermodynamics. Also we removed the manufacturing aspects of materials as there was a dedicated course that covers the manufacturing processes offered by the department of Mechanical Engineering. Finally we eliminated the materials selection lectures, as the ME department introduced a dedicated course for materials selection in design.
For the laboratory, we switched one of the macro/microscale hardness tests with the nanoindentation. Also instead of utilizing the Charpy test to measure the brittleness of steel as a result of different cooling rates we utilized nanoindentation to measure the hardness, modulus and qualitative measure of toughness. Also we got rid of a lab session that was a dedicated statistical analysis of experimental data because the students are exposed to this in the measurement course and as a standalone course in statistics. However we kept the writeup for the statistical analysis posted on the lab web page.
By the end of each semester, upon finishing the delivery of all the nanotechnology lectures and experiments, a survey was conducted to probe students' opinion and suggestions regarding the nanomaterials modules. The survey consistent of 17 questions asking the student to rank different aspects of the nanomodules (substance, relevance, content, instructor, background preparation, etc.). Roughly, 110 students from Mechanical Engineering and 53 students from Civil Engineering participated in the survey. The survey was conducted anonymously, and students were provided extra space to provide additional comments as they saw fit. The survey questions together with the accumulated results are shown in Table II .
Based on feedback from the survey, the students' responses were very positive and encouraging in terms of continuing to improve the modules. Sample statistics on the response to three questions from the survey are shown in Figure 8 . Overall the majority of the students (67%) ranked the nanotechnology experience gained by the enriched materials courses as very good to excellent. About 8% of the students did not have a positive opinion for the nanomodules. Unfortunately, students who gave a poor evaluation of the program did not provide any constructive written feedback or suggestions to improve the program in the future. The fact that students with construction management background represent about 30-40% of the civil students lack the major engineering background. The significance of background difference on students' performance in civil engineering materials class have been discussed elsewhere. The majority of the students (70%) have indicated that they had some helpful background from earlier courses (mainly chemistry) that they found to be useful in the newly introduced nanomodules. As an outcome of the implementation, 61% of the students have indicated that the nanolectures and experiments have equipped them with a high to satisfactory level of knowledge on what qualify as nanomaterials and their impact on society. Despite the rushed approach in the first semester, by the end of the two years' implementation a significant percentage (65%) of the civil and mechanical engineering undergraduates who took the materials science course felt strongly that the nanomodules should be employed in the two materials science courses (ME370/CE305); only 31% of the survey population suggested offering these modules as a standalone course. As far as probing the students' interests in specific modules, mostly the students preferred to focus more on nanosynthesis, nanostructures, and CNTs, as compared to nanocharacterization or ceramic nanoparticles. In general 67% of the students expressed that they are very interested in another course in nanotechnology, some of them indicated that they are somewhat interested (13%) given that this will count as a technical elective replacing one of the classical technical electives courses. Specifically, 61% of the students expressed serious interest in taking the ME461-E course. In actuality 34 students have enrolled for ME461-E (NEMS/MEMS). The desire to take another course in nanomaterials preparation and nanocharacterization was not as assertive, only 44% of the students expressed a strong interest in that course.
The survey also indicated that the students also preferred to learn more about nano applications, nanomaterials, and nanotechnology societal implications through the term paper mechanism. The term papers reflected the student awareness of the importance of nanotechnology, nanomaterials, and systems in the society. Roughly 91% of the students favored this mechanism as a means to learn more about how nanotechnology affects an application of their choice, such as energy, biomedical, imaging, and sensors.
The survey also asked the students to provide suggestions/critiques to improve the nanomodules. Students who evaluated the nanomodules as good to excellent asked for more hands-on exposure in smaller groups (typically nanoexperiment groups consisted of 4-6 students per group) and earlier exposure to nanotechnology (both courses are senior level). In response to this comment in later semesters we involved the students more in operating the instruments. The demand of earlier exposure to nanotechnology will be implemented in the renewed NSF-REU proposal 2011-2012, where a freshman course will be developed toward this purpose.
Some students suggested that an instrumentation and measurement course be placed as a prerequisite prior to taking the courses with nanomodules. This suggestion was posed based on the fact the nanoindentation experiment was demanding many calibration steps and data acquisition using LabView software. The survey reflected this opinion as 44% of the students indicated that they were less interested in the nanoindentation, while 22% indicated that SEM was the least interesting module. This suggestion was communicated to the undergraduate curricula committee in the civil and mechanical engineering departments for consideration. Other students suggested reducing the number of modules, considering that classical experiments needed to be covered as well. alternating the nanoexperiments each semester by introducing the TEM microscopy experiment in the spring and the XRD experiment in the fall semester. As an update (both hardware and software) of the NanoTest is currently underway, we hope to make it more user-friendly and less demanding for the calibration so it could be received more favorably in the future. Based on the success of the nanomaterials modules 34 students have enrolled in ME461-E (MEMS). This course aided them in the theoretical and experimental knowledge of nanosystems. This course was appealing to minority students, in particular 13 students were from underrepresented groups (Hispanic, Native American and Asian) and 9 were females.
The investigators have mentored several students who finished two of the nanotechnology courses offered through the NUE program (ME370/ME352L and ME461-E). Eighteen undergraduate students have participated in nanomaterials and nanosystems research. The student participation resulted in 4 honors theses and 11 refereed journals publications.
The recruiting of undergraduate students to participate in the research aspects prepared them to play teaching assistant roles in the following semesters especially for the SEM and nanoindentation modules. Some students became involved in the investigators' research groups to work on other research projects with a nanotechnology theme. Eighteen undergraduate students have participated in nanomaterials and nanosystems research. The student participation resulted in 4 honors theses and 11 refereed journals publications. Some of these research projects: synthesis of WS2 ( Tehrani et al., 2011) , nanoindentation of dental materials (Al-Haik et al., 2008) , nanocreep behavior of cements (Reinhardt et al., 2009 ) and growing CNTs on carbon fibers Luhrs et al., 2009) . Figure 9 provides images produced by undergraduate students during some of these projects. The education through research involvement offered the students more guided, formal and comprehensive training on SEM, TEM, nanoindentation and XRD. Therefore some of the undergraduate students involved in this research experience became capable of running these instruments on their own without supervision. We utilized some of this newly gained technical expertise in the form of teaching assistance in the nanoexperiments that required SEM/TEM/XRD and nanoindentation.
Several students expressed an interest in graduate studies in nanomaterials-based research. Nine students (6 ME and 3 CE) who participated in the undergraduate research projects with the investigators enrolled in graduate programs at UNM. The nanotechnology education of undergraduates through our program at UNM has leveraged an existing graduate program in nanotechnology-the Nano Sciences and MicroSystems (NSMS) program. This NSF IGERT program at UNM is strictly a graduate program granting only MS and PhD diplomas. In the investigators' research groups the number of U.S. students in general and those who are from minority groups in particular had improved.
The activities implemented during this nanotechnology program at the UNM had an impact on under-represented groups in science and engineering. The ethnic and gender distribution of these courses are shown in Figure 10 . UNM is the only Carnegie, Very High Research University in the country designated as a Minority and Hispanic-Serving Institution (MHSI). Most of the undergraduate students at the School of Engineering at UNM come from New Mexico, and the demographics reflect the multicultural character of the state. UNM School of Engineering graduation rates for Hispanic and Native American students are among the highest in the U.S. Currently 40% of engineering undergraduates come from underrepresented groups (American Indian and Hispanic) and 20% of our students are female, on par with the national average.
One major challenge throughout the nanotechnology program has been improving the recruiting of undergraduate students from minority groups to do research in nanotechnology or even research in general. UNM is surrounded by several federal and industrial entities that, rightfully, are trying to diversify their workforce by appealing to the large Hispanic students' community at UNM through summer internships. From the investigators' personal attempts to attract the undergraduates from minority groups, students usually preferred internships at Sandia National Labs, Los Alamos National Labs, Intel Corporation, and Kirtland Air force Base. To their credit, all these entities have aggressive on-and off campus recruiting programs. We believe that the internships made possible to the students through the NSF-NEU grants to the investigators together with the hands-on encounter with nanotechnology through the materials laboratories, assisted significantly in attracting minority students to conduct research in nanotechnology.
CONCLUSIONS AND FUTURE WORK
A new group of nanotechnology modules for undergraduate engineering education was developed and introduced to engineering students at the UNM. The new modules were established in materials science courses serving mechanical and civil engineering students. A preliminary survey showed that the majority of students are in favor of the nanotechnology modules.
The core curricula of the Mechanical and Civil Engineering Departments were not altered. Nanotechnology modules were strategically inserted in the core classes and an elective course on nano and micro systems was taught in the senior year.
Based on the survey results, the authors will continue the format of stand-alone modules and nano experiments. Improvements based on the student surveys conducted so far will include more hands-on experiments (for example, synthesis of nanomaterials). We also plan to introduce term projects where students will still go through all the nanomodules and nanoexperiments, but will be trained exclusively on an instrument of their choice (SEM, TEM, XRD nanoindenter, etc.) to fulfill their project.
Finally, the authors will continue to mesh the nanoeducation and research via incorporating undergraduates in their current research activities in nanotechnology. As evidenced by the investigators' own experience, this approach appealed to the large community of minority students at UNM.
With nanotechnology becoming part of so many core courses and also having dedicated stand-alone courses in nanotechnology, we envision that a critical mass will have been reached to create a concentration in micro/nanotechnology at UNM. Phillips (Los Alamos National Laboratory, retired) and Prof. Hamid Garmestani (Georgia Institute of Technology) for acting as external evaluators of the current NUE program at UNM.
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